Self-secondaries are secondary craters that are formed on both the continuous ejecta deposits and interior of the parent crater. The possible existence of self-secondaries was proposed in the late 1960s, but their identity, formation mechanism, and importance were not revisited until the new generation of high-resolution images for the Moon have recently became available. Possible self-secondary crater populations have now been recognized not only on the Moon, but also on Mercury, Mars, 1Ceres, 4Vesta, and satellites of the ice giants. On the Moon and terrestrial planets, fragments that form self-secondaries are launched with high ejection angles via spallation during the early cratering process, so that self-secondaries can be formed both within the crater and on the continuous ejecta deposits at the end of the cratering process. Self-secondaries potentially possess profound effects on the widely used agedetermination technique using crater statistics in planetary geology, because (1) self-secondaries cause nonuniform crater density across the continuous ejecta deposits, which cannot be solely explained by the effect of different target properties on crater size-frequency distributions; (2) crater chronologies for both the Moon and the other terrestrial bodies are largely based on crater counts on the continuous ejecta deposits of several young lunar craters. The effect of self-secondaries on crater chronology can be well addressed after the spatial distribution, size-frequency distribution, and density evolution of self-secondaries are resolved.
Introduction
High velocity impact between celestial materials is arguably the most fundamental process in the formation and evolution of the Solar System. Impact cratering has continuously occurred on all the solar system bodies ever since their formation and impact craters are the most common landscapes on bodies that have solid surfaces (Melosh 1989) . Just like fossils on Earth, impact structures and their associated ejecta are the basic stratigraphic marker when studying the geological evolution of extraterrestrial bodies (e.g., Wilhelms 1987) .
The continuous accumulation of impact craters causes higher crater densities on older surfaces, so that relative ages of different geological units on a same planetary body can be compared by studying their crater densities, e.g., the relatively old cratonic areas on Earth have a higher density of impact craters than the global average (e.g., French 1998) . Assuming a known formation rate for different-sized craters, crater densities observed on planetary surfaces can be translated to absolute ages (e.g., Hartmann 1965) . This concept was fully established during the Apollo era, when large amount of imagery for the Moon and samples collected from several known locations by the Apollo and Luna missions were obtained (Fig. 1 ). Impact craters on several different-aged lunar surfaces were recognized to have the same size-frequency distributions (i.e., SFD; Fig. 1b) , indicating that the relative production rates for different-sized craters (i.e., crater production function; PF) have been more or less stable during a significant part of the lunar history (Neukum et al. 1975) . Radiometric ages for Apollo and Luna samples have built the bridge between crater densities and surface ages (Fig. 1c; Neukum 1983) , i.e., the crater chronology functions (i.e., CF). The combination of crater production and chronology functions could derive crater density isochrones, i.e., the size-frequency distribution of impact craters formed on different-aged surfaces (Fig. 1d) . Therefore, absolute model ages can be obtained for surfaces outside of the Luna and Apollo landing sites by finding the position of the observed surface crater SFD within the lunar crater isochrones. Moving further, impact flux ratios between the Moon and the other solar system bodies, which are predicted by orbital dynamics could be used to translate the lunar crater chronology to the other Solar System bodies (e.g., Hartmann 1977) , so absolute model ages for geological units on these bodies could be obtained as well (e.g., Neukum et al. 2001) .
The first-order reliability of crater statistics in dating planetary surfaces has been successfully testified in many cases. For example, crater statistics derived an average age of ~ 3.6 Gyr for the lunar maria (Hartmann 1965) , which was subsequently confirmed by the Apollo and Luna samples. So far, crater statistics have been the major technique used in estimating ages for planetary surfaces. This technique has been greatly improved with new advances in sample analyses methods, cratering mechanics, orbital dynamics, and multiwavelengths high-resolution datasets obtained by recent lunar and deep space explorations. A review on the establishment, usage and new advances of this technique is detailed by Fassett (2016) . It is not overstated that this technique has built most of the time frames a b d c Fig. 1 a The Apollo (denoted as A) and Luna (denoted as L) sampling sites on the Moon. The base image is the global mosaic of the Moon that is obtained by the Lunar Orbiter missions and the Clementine spacecraft (59 m/pixel; equirectangular projection). b Crater size-frequency distributions at difference-aged lunar surfaces can be aligned after a same polynomial function. The labels of the counting areas can be read from the original plot in Neukum et al. (1975) . c Calibration points used to construct the lunar crater chronology function (Stöffler et al. 2006) . d Examples of isochrones of crater size-frequency distribution on different-aged lunar surfaces. The production and chronology functions are based on those proposed by Neukum et al. (2001) used in studying the geological, geophysical, and geochemical evolution of solar system bodies.
Many uncertainties, however, exist in the lunar crater chronology function, which is the basis for the CFs on the other planetary bodies since the Moon is the only extraterrestrial body from which samples with known locations are obtained. For example, there is no sample control for lunar surfaces that are formed between ~ 3.2 to 1 Ga, so that the impact flux during this time is not known (Fig. 1c) ; large controversies exist in assigning sample ages greater than ~ 3.8 Gyr to large lunar basins such as Orientale, Imbrium, Serenitatis, Crisium, and Nectaris (cf. Stöffler et al. 2006) ; and the radiometric ages for the Copernicus and Tycho craters were not based on their in situ impact melt rocks, but based on samples collected from their distant impact rays (cf. Stöf-fler et al. 2006) . Likewise, debates have been persistent regarding the possible change of crater production functions with time on both the Moon and the other bodies. For example, the impactor population, thus production crater population might have been changed with time in the inner solar system (Strom et al. 2005) , so that the prevailing crater statistics method may not be able to date surfaces older than ~ 3.8 Gyr; the outer solar system bodies have different cratering history with the inner solar system bodies so that the lunar crater chronology cannot be simply mirrored to the outer solar system (Strom et al. 2015) .
Besides many more complexities that may introduce uncertainties in crater count results (e.g., homogeneity of study area, personal bias in recognizing craters, image resolution, surface illumination condition, topography wavelength, and equilibrium condition; see a recent review by Williams et al. 2017 ), one of the major concerns about the reliability of both the crater chronology and the actual application of this technique in deriving model ages is the possible contamination by secondary craters (i.e., secondaries). Secondaries are craters formed by the landing of impact ejecta around the parent crater. Unlike primary craters (i.e., primaries) that are formed by projectiles with heliocentric orbits (i.e., asteroids and comets), typical secondaries are not circular in morphology or random in the spatial distribution, as they normally occur in clusters or herringbone-shaped chains and exhibit irregularly shaped morphology, such as shallow floors, asymmetric rims, and central mounds (e.g., Schultz and Gault 1985) . Traditionally, secondaries are classified into two groups according to their locations to the parent crater (e.g., Schultz and Singer 1980) : (1) continuous secondaries facies are located just beyond the continuous ejecta deposits (Fig. 2b) , where clusters and chains of secondaries (up to ~ 5% diameter of the parent crater) can extend to ~ 4 parent-crater-radii from the rim of the parent crater; (2) distant secondaries beyond the continuous secondaries facies can have near global coverage (Fig. 2a) , and they are mainly composed by patches of secondaries and those within impact rays are most-easily recognized (Fig. 2c) . While most of these secondaries can be confidently recognized and excluded when dating planetary surfaces using crater statistics, some of them have identical plane morphology with similar-sized primaries (Xiao et al. 2014) , and they may no longer be differentiable from primaries once been degraded (Xiao 2016) .
The potential trouble-making secondaries to the crater chronology are a subgroup of distant secondaries that do not occur in obvious clusters or chains and have identical plane morphology with similar-sized primaries. These secondaries are termed as background secondaries or field secondaries (e.g., McEwen and Bierhaus 2006) . The high efficiency in the production of distant secondaries have been noticed on Mercury (Strom et al. 2011; Xiao 2016) , the Moon (e.g., Hirata and Nakamura 2006; Dundas and McEwen 2007; Robinson et al. 2015) , Mars (e.g., McEwen et al. 2005; Robbins and Hynek 2014) , and Europa (Bierhaus et al. 2005 ). However, whether or not background secondaries dominate crater populations within their diameter ranges (e.g., < ~1 km on the Moon and Mercury; < 8 km on Mercury) has been a debate for more than half a century (e.g., Shoemaker 1962; Neukum and Ivanov 1994; McEwen and Bierhaus 2006; Hartmann 2007; Werner et al. 2009; Strom et al. 2011; Xiao and Strom 2012; Williams et al. 2014; Xie et al. 2017) . The resolution of this debate is critically important to both the crater chronology and the application of crater statistics, because: (1) crater counts at the Apollo and Luna landing sites are dominated by sub-kilometer or kilometer diameter crater populations, so that possible contamination by background secondaries might have caused larger crater densities than those of the primary crater populations; (2) geological study for small planetary surface units are recently being enabled with more and more high-resolution images obtained, but only small craters are visible on small geological units, thus the effect of potential background secondaries cannot be ignored. Although new observations on Mercury suggest that background secondaries do abundantly exist outside of impact rays (Xiao 2016) , solid observations for populations of background secondaries and their SFD are still lacking, since in theory, background secondaries are not distinguishable from primaries in terms of morphology and spatial distribution. Therefore, there have been three different schools in this debate: (1) Background secondaries dominate small crater populations on Mercury (Strom et al. 2011) , the Moon (e.g., Shoemaker 1962; Dundas and McEwen 2007; Xiao and Strom 2012) , Mars (McEwen et al. 2005; Robbins and Hynek 2014) , and Europa (Bierhaus et al. 2005) ; (2) Background secondaries are not abundant on planetary surfaces so they have negligible effect on crater statistics (e.g., Neukum and Ivanov 1994; Ivanov 2006; Werner et al. 2009; Xie et al. 2017) ; (3) Background secondaries do exist in populations of small impact craters, but the current crater chronology have integrated both primaries and background secondaries, so the effect of background secondaries has already been bracketed (Hartmann 2007; Hartmann and Daubar 2017) . A full understanding of the spatial dispersion and SFD of impact fragments during the cratering process is required to investigate the heterogeneity of background secondaries in terms of diameter ranges and spatial locations, which may settle down the debate (Xiao 2016) .
It is reasonable to assume that relative young surfaces are affected by potential background secondaries to a less degree and/or in a smaller diameter range than older surfaces, since fewer primaries could supply potential background secondaries on younger surfaces. On the Moon, Copernican is the latest stratigraphic era, which is represented by craters with observable optical impact rays (Wilhelms 1987) . However, it has long been noticed that for a given Copernican-aged crater, the crater density across different places of the continuous ejecta deposits is variable (e.g., Shoemaker et al. 1968; Hartmann 1968) . While it may be too a b c Fig. 2 a The near global distribution of impact rays of the Hokusai crater on Mercury. The base mosaic is an enhanced color mosaic of Mercury (3.74 km/pixel; equirectangular projection). The red, green, and blue channels are the second principal component, the first principal component, and the ratio of the 430 nm/1000 nm filters, respectively, of the MDIS 8-band global mosaics (Xiao 2016) . b Approximate outer boundaries of the continuous ejecta deposits and continuous secondaries facies of the Hokusai crater (yellow lines). The inset figures show an example of secondary crater clusters on the continuous secondaries facies. c Secondary crater chains within a distant ray segment of Hokusai (Xiao 2016) . The location is marked in a. All the images are acquired by MESSENGER MDIS farfetched to assume that background secondaries have dominated the small crater populations on the continuous ejecta deposits of these fresh impact craters, an interpretation for the observed crater density difference brought the long-ignored secondary crater population, self-secondary craters (i.e., self-secondaries) into sight (Shoemaker et al. 1968) . Self-secondaries, also termed as auto-secondaries in some literatures (e.g., Plescia and Robinson 2011) , are secondary craters formed both on the continuous ejecta deposits and interior of the parent craters. The widespread occurrence and possible significance of self-secondaries were not noticed until ultra-high resolution images with sub-meter pixel scales have recently been obtained by the Lunar Reconnaissance Orbiter Camera (LROC; Robinson et al. 2010 ) since the late 2009. In this review, the history of the study of self-secondaries ("Discovery of self-secondaries" section), their occurrences on different planetary bodies ("Discovery of self-secondaries" and "Self-secondaries on the Moon" sections), possible formation mechanism ("Formation mechanism of self-secondaries on the Moon and terrestrial planets" section), importance to crater chronology ("The broad indication" section), and issues remained ("Left issues for a comprehensive understanding of selfsecondaries" section) are introduced.
Cognitive process of self-secondaries

Discovery of self-secondaries
On 10 January 1968, the US Surveyor 7 spacecraft landed ~ 30 km to the northern rim of the lunar Tycho crater (rim-to-rim diameter D = 85 km; 43°S, 11°W). The landing site is part of the continuous ejecta deposits of Tycho ( ; where h is the ejecta deposit thickness, r is the distance to the rim of the parent crater, and R is the radius of the parent crater. Shoemaker et al. (1968) noticed that at this location, Tycho's continuous ejecta deposits have different surface textures and topographic roughness, and the crater density can be varied for as much as ~ 10 times at different ejecta facies within the diameter range of ~ 7-70 m (Fig. 3a) . The crater density difference was initially interpreted to be caused by late-stage volcanism on the rim of Tycho, and the widespread melt flows and melt pools were interpreted to be lava flows (Strom and Fielder 1968) . Continuous ejecta deposits of newly formed impact craters are regarded as resurfaced units , and previous crater record beneath the continuous ejecta deposits has been largely removed, at least for pre-existing craters that have rim-to-floor depths less than the local thickness of the continuous ejecta deposits. Crater populations accumulated on continuous ejecta deposits should be primaries and potential background secondaries produced by younger craters. For newly formed craters such as Tycho, background secondaries should not be abundant considering that few younger craters are large enough to produce the abundant small craters that have various preservation states (Fig. 3b) . Therefore, Shoemaker et al. (1968 Shoemaker et al. ( , 1969 suggested that during the formation of the Tycho crater, some ejecta were launched with large ejection angles from the target surface, and they fell back and formed secondaries on the continuous ejecta deposits when the impact melt was still being emplaced.
After this first proposal, the possible existence of selfsecondaries on the continuous ejecta deposits of impact craters was basically neglected. A major reason is that high-resolution images that could resolve sub-hundredmeter diameter craters have been limited. The successful insertion of the Lunar Reconnaissance Orbiter (i.e., LRO) into the Moon's orbit in 2009 enabled the LROC narrow angle camera (i.e., NAC) to obtain high-resolution images as good as ~ 0.5 m/pixel for lunar surfaces . At the time of this writing, LRO is still operating, and LROC NAC has acquired images for over 90% of the entire Moon with a substantial portion been repeatedly imaged (e.g., Speyerer et al. 2016 ).
Self-secondaries on the Moon
Using high-resolution images obtained by LROC NAC, Plescia et al. (2010) observed crater density variations across the continuous ejecta deposits of the youngest lunar complex crater Giordano Bruno (D = 22 km; 36°S, 103°E). The self-secondaries scenario proposed by Shoemaker et al. (1968 Shoemaker et al. ( , 1969 was quoted to explain the different crater density observed ). This work officially brought the self-secondaries scenario back into the main stream, because the self-secondaries population could potentially invalidate both the theory and application reliability of the currently used crater chronology (Plescia 2012 ; "The broad indication" section).
LROC NAC provides the first observational evidence for the existence of self-secondaries. Many small impact craters on the continuous ejecta deposits of Copernicanaged craters have been embayed by later-arrived melt flows (Fig. 4a) . Most of the small craters are less than 100 m in diameter and they have both circular rims and dispersed spatial distribution, which are similar to primaries. It has long been known that after the modification stage of the cratering process, melt flows on the continuous ejecta deposits could be sustained for a long time (e.g., Howard and Wilshire 1975; Osinski et al. 2011) . The embayed small craters should have been formed soon after the emplacement of the continuous ejecta deposits, but before the subsequently arrived melt flows. Therefore, the narrow formation window proves that the embayed small craters are self-secondaries.
Besides Tycho (e.g., Xiao and Strom 2012; Zanetti et al. 2015 Zanetti et al. , 2017 and Giordano Bruno ), now more Copernican-aged impact craters are revealed to have crater density differences on the continuous ejecta deposits, such as Aristarchus, Eudoxus, Jackson, King, and Copernicus (e.g., van der Bogert et al. 2010; Ashley et al. 2012; Zanetti et al. 2012; Hiesinger et al. 2012; Plescia 2012) . The crater density difference is most frequently observed between melt pools and ejecta facies that have not been modified by subsequent melt flows (i.e., normal ejecta deposits formed after ballistic a b Fig. 4 a Self-secondaries on the southern continuous ejecta deposits of Giordano Bruno. Many small craters on the continuous ejecta deposits have been partly filled by melt flows. b Irregularly-shaped small craters on top of melt flows formed by the Lowell H crater (Plescia and Spudis 2014) . North is toward the top. The base images are obtained by LROC NAC trajectory), as normal ejecta deposits have larger crater densities (e.g., van der Bogert et al. 2010; Zanetti et al. 2017) . For example, Fig. 3 shows a recent revisit to the landing site of the Surveyor 7 mission (Xiao and Werner 2015; Xiao 2016) , where the self-secondaries scenario was first proposed. Around the landing site, the different facies of Tycho's ejecta deposits (Shoemaker et al. 1969) can be classified into 3 types based on their surface textures: normal ejecta deposits that have minor modification by subsequent melt flows, melt veneer that cover normal ejecta deposits, and melt pools that are located at low-relief areas (Fig. 3c) . The crater SFD on both the normal ejecta deposits and melt pools have differential power-law slopes (Crater Analysis Techniques Working Group 1979) of about − 4, but the normal ejecta deposits have a larger crater density by a factor of up to 10 (Fig. 3) . Assuming that craters ~ 5-15 m diameter on the melt pool were all primaries that postdated Tycho, subtracting this population from that on the normal ejecta deposits would not substantially affect the density of the latter because of the large crater density difference. Moreover, the crater SFD on the melt veneer has a differential slope of about − 3, and the crater density is the same with the melt pool at D = ~ 6 m and also the same with normal ejecta deposits at D = ~ 50 m (Fig. 3) . This is consistent with the fact that the melt veneer is a resurfaced unit, which has erased many small craters (D < 50 m) on the original normal ejecta deposits. Therefore, the small crater population on the normal ejecta deposits should be dominated by self-secondaries, and most of them had been formed before the melt pools were collected at regional low-relief areas. Similar crater density differences and embayment relationship of different ejecta facies are observed on all the Copernican-aged craters, so in most of the cases (see "The target property scapegoat" section for an alternative interpretation), self-secondaries were employed to explain the observed crater density difference (e.g., Xiao and Strom 2012; Zanetti et al. 2012; Plescia and Robinson 2015; Zanetti et al. 2017) .
Small craters on the melt pools of impact craters such as Giordano Bruno, Tycho, and King have different morphology with both primaries and typical secondaries (Plescia 2015) , as they are much shallower, with irregularly shaped rims and small central mounds, and absence of well-developed ejecta (e.g., Fig. 4b ). On the contrary, craters that are formed on the normal ejecta deposits do not have such morphological characteristics (e.g., Fig. 3b ). The irregularly shaped craters formed on Tycho's melt pools have much smaller depth-diameter ratios (~ 0.06) than those formed on the normal ejecta deposits (~ 0.12), and their interior wall slopes are also much shallower (~ 9° versus 21° on average; Plescia 2015). Plescia and Spudis (2014) interpreted these craters as self-secondaries (termed as palimpsests) that were formed after the emplacement, but before the solidification of the impact melt. This interpretation is supported by laboratory impact experiments into viscos targets (e.g., Bingham fluids such as cone mush), as the simulated craters have shallow depths, low rims, concentric rings, lobate margins, and central highs (Fink et al. 1981; Greely et al. 1980) . It is also consistent with the fact that impact melt pools can have large solidification time for tens of thousands of years (e.g., Plescia and Spudis 2014) . Therefore, it is likely that self-secondaries have been continuously accumulating on the continuous ejecta deposits, even after the melt pools have been ponded.
Self-secondaries on the other planetary bodies
The Hokusai crater on Mercury (D = 96 km; 57.8°N, 16.8°E) provides the conclusive evidence that self-secondaries dominate the continuous ejecta deposits of newly formed impact craters . Highresolution images obtained by the Mercury Dual Imaging System (i.e., MDIS; Hawkins et al. 2007 ) onboard the MErcury Surface, Space ENviroment, GEochemistry, and Ranging (MESSENGER; Solomon et al. 2001) spacecraft reveal that Hokusai is the youngest crater of its size on Mercury (Xiao 2016) . Hokusai exhibits a proto-peak-ring and quasi-layered ejecta deposits (Xiao and Komatsu 2013) , which are unique compared with similar-sized fresh craters on Mercury. Both the crater floor and continuous ejecta deposits are largely covered by impact melt. MDIS NAC images reveal that craters larger than 100 in diameter are abundant on the continuous ejecta deposits, but the flat crater floor only contains a handful of impact craters . The small craters are circular in shape and they do not occur in clusters or chains, and most of them are less than 300 m in diameter. Small primaries or distant secondaries from craters younger than Hokusai should have occurred on the crater floor and continuous ejecta deposits. This contrast in crater density suggests that most of the small craters on the continuous ejecta deposits are the self-secondaries formed by Hokusai, which were emplaced before the melt sheet on the crater floor had been solidified to certain depths . Notably, the small crater population on the continuous ejecta deposits of Hokusai is emplaced on top of melt flows (i.e., equivalent to the melt veneer shown in Fig. 3a) . Therefore, self-secondaries that were formed before the emplacement of melt flows may have been partly removed.
On Mars, mapping of craters on the continuous ejecta deposits of the Tooting crater (D = 28 km; 23.1°N, 207.1°E) also revealed the dominance by selfsecondaries (Boyce and Mounginis-Mark 2015) . Tooting is one of the youngest complex craters on Mars that may be formed within the last 0.1 Myr (McEwen 2006) , and primaries are barely seen on top of this crater. On the continuous ejecta deposits, embayment of small craters by impact melt flows suggests that the small craters are self-secondaries (Fig. 5a, b) . Crater density differences are also observed on the continuous ejecta deposits, as the southern rim exhibits larger densities (Fig. 5c ). Boyce and Mounginis-Mark (2015) suggested that the small craters on the continuous ejecta deposits are self-secondaries, and the northern crater rim has undergone larger amount of collapse so that part of the self-secondaries were destroyed. Notably, Schultz and Singer (1980) suggested that the large inventory of subsurface volatiles on Mars may have caused larger ejection angles, forming more circularly shaped secondaries within the continuous secondaries facies around some martian crater. Accounting for the enhanced crater collapse during the modification stage, the continuous secondaries facies of these craters are located closer to the crater rim, thus some of these secondaries are located within the occurrence area of self-secondaries. Strictly by definition, these secondaries are not self-secondaries.
On Saturn's midsize icy moon Rhea (surface gravity ~ 0.26 m/s 2 , rotation period ~ 4.52 Earth days), Schenk et al. (2017) recently recognized self-secondaries that are produced by the extremely fresh Inktomi crater (D = 48 km). Inktomi is the youngest crater larger than 10 km in the Saturn system. High-resolution images show that nearly no crater is visible on the western crater floor or ejecta deposits, but there is a cluster of small craters on both the eastern crater floor and ejecta deposits. Unlike self-secondaries that are found on the Moon, Mercury and Mars, these small craters have identical morphology, spatial distribution, and SFD with typical secondaries. Schenk et al. (2017) suggested the small craters are the self-secondaries produced by Inktomi based on their asymmetric distribution and also no craters younger than Inktomi could supply possible distant secondaries.
Craters formed on bodies that have much faster rotation periods than the Moon and terrestrial planets could also form self-secondaries, although the trajectory of the ejecta that formed these secondaries and their emplacement sequence may not be the same with those on the Moon. Neesemann et al. (2016) found that the Coriolis force significantly affects the trajectory of impact ejecta and the spatial distribution of secondaries on 1Ceres (surface gravity ~ 0.28 m/s 2 ; rotation period ~ 9 h). Instead of forming secondaries that are radially distributed in chains and clusters, the trajectory of impact fragments were redirected westward, and some impact ejecta could land on both the continuous ejecta deposits and floor of the parent crater. Such distribution patterns of self-secondaries might also be observed on the other fast rotation bodies, such as 2Pallas (surface gravity ~ 0.21 m/ s 2 ; rotation period ~ 7.8 h) and 4Vesta (surface gravity ~ 0.25 m/s 2 ; rotation period ~ 5.3 h), although self-secondaries on these bodies have not been confirmed. On the other hand, the icy and gas giants in the outer solar system have abundant small satellites that have low surface gravities, e.g., Enceladus (surface gravity ~ 0.113 m/ s 2 ) and Mimas (surface gravity ~ 0.064 m/s 2 ). Little or no traditional secondary craters should be formed on these bodies, because the minimum velocity required to form secondaries have exceeded the escape velocities of these bodies (Bierhaus et al. 2012) . However, most impact . a The southeastern crater rim of Tooting shows the embayment relationship between self-secondaries and melt flows. b Some small craters on the continuous ejecta deposits are partly filled by melt flows (white arrows), and the location of this image is marked in a. c The spatial density of small craters on the continuous ejecta deposits of Tooting is not uniform, as the southern part has a higher crater density ejecta that have escaped the parent body would impact both the parent body and moons in adjacent orbits, forming sesquinaries. Sesquinaries are likely not formed in clusters, but will be spread across the surface, sometimes having hemispherical concentrations (Alvarellos et al. 2005 (Alvarellos et al. , 2017 . Therefore, when sesquinaries are formed on the continuous ejecta deposits and interior of a fresh crater, they can be mixed with the potential self-secondaries.
Formation mechanism of self-secondaries on the Moon and terrestrial planets
The target property scapegoat With the unambiguous observational evidence for both the existence of self-secondaries (e.g., Fig. 4 ) and their dominance in small crater populations on the continuous ejecta deposits of newly formed impact craters (e.g., the Hokusai case on Mercury), however, there are debates about whether or not self-secondaries are needed to explain the observed crater density differences on Copernican-aged lunar craters. Contemporaneous with the return of the self-secondaries scenario , the long-ignored but poorly understood effect of target properties on the SFD of small impact craters were interpreted to be the cause for the larger crater density on normal ejecta deposits than melt pools (e.g., van der Bogert et al. 2010 ). According to this interpretation, different target properties (e.g., density, cohesion, porosity) can cause up to 2 times differences in crater rim-to-rim diameters for same-energy impactors, so that small craters formed on melt pools and normal ejecta deposits have both different SFD and densities .
It is true that target properties must have affected the formation, thus the SFD of small impact craters, but target property differences are not the major reason for the observed crater density differences across continuous ejecta deposits. During the cratering process, excavation by small energy impacts is mainly halted by target strength (i.e., the strength-regime cratering process) and that by larger energy impacts is mainly controlled by gravity (i.e., the gravity-regime cratering process; Melosh 1989). On the Moon, depending on the effective strength of target materials, the transition from strength-to gravity-regime cratering process normally occurs for craters with final rim-to-rim diameter of ~ 400 m, and on Mars and Mercury, the transition diameter is ~ 200 m (Melosh 1989 ). Most of the observed self-secondaries on the Moon, Mercury and Mars are formed within the gravityregime or the transition regime, so that target properties must have played an important role in the formation. van der employed empirical cratering scaling laws that were derived from laboratory impact experiments to investigate the effect of target porosity and effective strength on the SFD of small impact craters. They suggested that while self-secondaries do exit, craters formed on the more competent and less porous melt pools are much smaller than those formed on the highly porous normal ejecta deposits, and this effect is the major contribution for the observed crater differences. For example, if same-projectiles could form ~ 1.6 times larger craters on normal ejecta than melt pools, the crater density difference between these two ejecta facies will be vanished. However, Fig. 3c shows that even enlarging craters on the normal ejecta deposits by a factor 2, the crater density difference between melt pools and normal ejecta still exists (see also similar analyses by Zanetti et al. 2017) . More importantly, the actual properties of lunar materials are not precisely constrained at all (e.g., cohesion and porosity), and the scaling parameters used in the empirical scaling laws were uniformly for hard rocks . Recent high-resolution numerical modeling for the formation of transient craters in the strength-and transition-regimes reveals that the scaling parameters are highly dependent on the target properties investigated, and modeling for the whole collapse stage is still ongoing (Prieur et al. 2017) . Therefore, the detailed effect of target properties on the rim-to-rim diameter and SFD of small craters is still far from being settled.
A fundamental paradox exists in employing target property differences to explain the observed crater density differences between melt pools and normal ejecta. Plescia and Spudis (2014) believed that the irregularly shaped small craters on the melt pools are self-secondaries that were formed on the still-molten melt pools. However, the target property difference scenario regarded melt pools as competent rocks that have much larger cohesion and smaller porosity than normal ejecta (Williams and Pathare 2015; van der Bogert et al. 2017) . Nevertheless, even assuming that craters formed on melt pools are 2 times smaller than those on normal ejecta deposits assuming same impactors, the large crater density difference still exists (Xiao 2016; Zanetti et al. 2017) .
Impact spallation
The occurrence of self-secondaries on continuous ejecta deposits and the common embayment relationship between self-secondaries and melt flows suggest that the impact ejecta that formed self-secondaries must have larger ejection angles and longer trajectory time than ejecta that formed the continuous ejecta deposits. Depending on the energy of planetary impacts and target properties, materials are driven out of the final crater via five possible mechanisms (Melosh 1989) : (1) impact jetting during the initial contact between the impactor and target launches superheated uppermost target and minor impactor materials (Kieffer 1977) ; the jetted materials have small launch angles with regard to the target surface (< 20°) and large ejection velocities that may exceed several times the impact velocity (Kurosawa et al. 2015) ; so most of the jetted materials have escaped the target body if it is airless, and the rest are quickly quenched during the trajectory, forming impact glass; (2) vaporization of the projectile and target occurs during the early contact stage; the residual particle velocity and pressure gradient within the plume drives vapor expansion (Vickery 1986) , and the micron-scale condensed droplets on Earth are formed by this process; (3) spallation caused by the interaction of shock waves and rarefaction waves launches target material from a shallow interference zone, where rarefaction waves arrive earlier than the peak of shock waves due to the nonzero rise time of the shock pulse; spall fragments launched by kilometer-scale lunar and Martian craters, together with acceleration by thermal expansion, can have velocities exceeding the escape velocity of the target body (Melosh 1984; Kurosawa et al. 2017) ; (4) the incompressible and subsonic excavation flows, which are initiated by shock waves and subsequently excited by rarefaction waves, are the major mechanism of excavating materials, and most of the excavated materials are deposited near the margin of the transient crater (Melosh 1989) ; (5) the collapse of the excavation cavity, intertwined with the formation of central peaks/rings, may push a small amount of mixtures of impact melt and clasts toward the crater exterior (Osinski et al. 2011) .
Fragments launched during the early spallation process are the sources that formed self-secondaries on the Moon, Mercury and Mars . Schenk et al. (2017) suggested that jetting during the early phase of the cratering process might have formed the self-secondaries on Rhea, but jetting occurs with low ejection angles and most of the jetted materials are melted (Kurosawa et al. 2015) . Excavation flow is the major mechanism in the formation of continuous ejecta deposits, but excavation flows have gradually decreased velocities with larger launch distances from the impact site (e.g., Houson and Holsapple 2011) , and laboratory oblique impact experiments show that ejection angles during the excavation stage vary by less than ~ 15° (~ 35°-50°; Anderson et al. 2003) . Therefore, larger trajectory time in excavation flows generally means larger ejection velocity, thus longer ballistic ranges. The later arrival of self-secondaries on top of continuous ejecta deposits indicate that self-secondaries cannot be launched by excavation flows. Accounting for the possible movement time of melt flows, on top of which self-secondaries are recognized (e.g., the Hokusai case), the trajectory time of fragments that formed self-secondaries are much larger than the combined time of crater excavation and modification . The long trajectory time and the short trajectory distance requires that the ejecta that formed self-secondaries were launched early in the cratering process with both large ejection angles (up to 85° regarding the target surface) and velocities (up to the escape velocity). Spallation provides the most probable explanation for these requirements, because fragments ejected during the early spallation stage have ejection velocities approaching the impact velocity that formed the parent crater (Melosh 1984) , and near-vertical launch angles (Polanskey and Ahrens 1990) . The observed selfsecondary crater populations on the Moon, Mars and Mercury are mostly less than ~ 300 m in diameter, much smaller than secondaries on the continuous secondaries facies. This is consistent with the fact that spall fragments ejected early during the cratering process have large velocities but small sizes due to the thinner interference zone and larger residual elastic energies (Melosh 1985) . Moreover, the large ejection angles of fragments that form self-secondaries can explain their circular morphology and scattered spatial distribution (Schultz and Gault 1985) . Notably, buried detonations of nuclear and large chemical explosions are analogues of impact cratering, and abundant self-secondaries are also formed on the ejecta blanket of the Sedan crater (390 m diameter; 104 kT TNT; Carlson and Roberts 1963) . Surface materials launched by spallation may be the source of Sedan's self-secondaries. However, gas expansion plays a fundamental role during the growth of explosion craters, so whether or not self-secondaries formed by detonations could be analog to those formed by impact cratering is questionable ).
Self-secondaries should be an inherent by-product of impact cratering processes that form complex craters on the Moon and terrestrial planets . Spallation must have occurred during the cratering process (Melosh 1984) , so that target materials launched early from spallation zones could land again on top of the other ejecta facies. If the spalled fragments have large enough strength and size, self-secondaries could be formed. The common occurrence of self-secondaries on the Moon, Mercury and Mars verifies this possibility ("Cognitive process of self-secondaries" section).
Significance of self-secondaries on crater statistics
The broad indication
The dominance of self-secondaries on continuous ejecta deposits of newly formed impact craters possess strong threat to both the theoretical plausibility of the age dating technique using crater statistics and the practical reliability of using this technique to date individual craters. A basic tenant of crater statistics is that each crater is an independent random event. Self-secondaries are essentially formed simultaneously on continuous ejecta deposits, and they represent an extreme violation of this tenant. 4 of the 14 calibration sites that were used to build the lunar crater chronology function are the continuous ejecta blankets of Copernican-aged craters (Fig. 1c) , and the Copernican-aged portion of the crater chronology function has been regarded as the best calibrated part. The crater SFD observed on the continuous ejecta deposits of the 4 craters were considered to be the production crater population (e.g., Neukum and Ivanov 1994) . However, the presence of self-secondaries on continuous ejecta deposits has caused uncorrelated relationship between their sample ages and the observed crater densities, and the actual density of primaries formed on the continuous ejecta deposits should be lower. For example, Plescia and Robinson (2011) noticed that the crater density on the continuous ejecta deposits of Cone and North Ray is comparable, but the ages for the two craters are different by factor of 2 as revealed by the Apollo samples. Therefore, if assuming that the small crater populations on the continuous ejecta deposits of Tycho and younger craters are dominated by self-secondaries, Zanetti et al. (2017) suggest that the cratering rate on the Moon during the Copernican era may have been overestimated by factor of 4. On the other hand, ages of individual crater are usually derived by crater statistics on their continuous ejecta deposits. However, the existence of self-secondaries and their comparable morphology with primaries would cause the observed crater densities larger than those of the primary production populations. Although impact melt pools on continuous ejecta deposits of young craters may also have been bombarded by self-secondaries (Plescia and Spudis 2014) , the crater density is much lower than that on the normal ejecta deposits. Therefore, it has been suggested that crater statistics on melt pools provide a closer approximation of the actual production population Robinson 2011, 2015; Plescia 2012; Zanetti et al. 2017) .
Left issues for a comprehensive understanding of self-secondaries
There are always more unknowns than what we think we already know in any scientific fields, the same is especially true for the self-secondaries issue. While the broad indication for the importance of self-secondaries on crater statistics is obvious, fully unlocking the effects needs more systematic work. For example, what is the occurrence of self-secondaries on various ejecta facies? This question is related to the possible formation time of selfsecondaries populations. Are there SFD of newly formed self-secondaries idential for craters with different sizes and/or ages? This problem would determine whether or not the effect of self-secondaries on crater statistics could be removed by applying a representative crater SFD. Several of such critical issues are discussed below.
Spatial distribution and SFD of self-secondaries around newly formed craters
The interpretation that target material differences between melt pools and normal ejecta deposits may be the major reason for the observed crater density differences is mainly for craters with ages larger than Tycho, because primaries and possible background secondaries must have been continuously accumulated on these craters. The continuous ejecta deposits of newly formed impact craters have best recorded the self-secondaries crater population, such as the Hokusai crater on Mercury , Giordano Bruno crater on the Moon (Williams and Pathare 2015) , and Tooting crater on Mars (Boyce and Mounginis-Mark 2015) . Self-secondaries on melt flows around the Hokusai crater do not have differentiable SFD difference at different azimuths of the crater rim, although the density of self-secondaries in terms of the N(D ≥ 0.1 km) value (i.e., the number of craters equal with or larger than 0.1 km in diameter per million square kilometers) seems to have been enhanced at the uprange by a maximum factor of ~ 2 ). However, the relatively low resolution of MESSENGER MDIS NAC images (~ 20 m/pixel) prohibits reliable recognition of self-secondaries that are less than 100 m in diameter. The SFD of self-secondaries that are formed at different azimuths of Giordano Bruno has not been investigated. Although Plescia et al. (2010) (Xiao and Strom 2012) . After the distribution pattern of self-secondaries around different-sized fresh impact craters is revealed, the possible production density of self-secondaries can be determined, thus the effect of self-secondaries could be removed from crater chronologies.
Occurrence of self-secondaries on various ejecta facies of impact craters
Self-secondaries formed on normal ejecta deposits have been unambiguously confirmed, but their occurrence on different-sized melt pools needs to be confirmed. The morphology and geometry of many small craters on the melt pools of Tycho are consistent with being self-secondaries, but this hypothesis needs to be tested by comparing the possible trajectory time of spall fragments, the movement time of melt flows considering the initial outward momentum, and the cooling time of melt pools . The occurrence and possible dominance of self-secondaries on melt pools would reveal the emplacement sequence of self-secondaries in the frame of the formation of continuous ejecta deposits. On the other hand, it has been frequently quoted that self-secondaries that are located at larger distances from the parent crater rim have larger crater densities (Zanetti et al. 2015 . This possible trend is established after studying the whole crater populations on the continuous ejecta deposits of Tycho and Aristarchus. However, it should be noted that continuous ejecta deposits of complex craters are composed of different ejecta facies, as impact melt flows that postdate the modification stage have altered the local density of self-secondaries to different degrees (e.g., Fig. 3 ). Therefore, it is necessary to evaluate the local geological context before interpreting the observed crater density differences.
Evolution of self-secondary crater population with time
Subsequent to the near simultaneous formation of selfsecondaries, primaries and possible background secondaries accumulate on the continuous ejecta deposits, enlarging the crater density. After certain time, the low density of self-secondaries would not contribute significantly to the local crater population, so that the effect of self-secondaries will gradually diminish with time ). However, the transition time for the relative abundance of self-secondaries and younger crater populations has not been revealed yet. This problem is especially important for melt pools, because they are regarded to be less affected by self-secondaries. The transition time is intertwined with crater degradation, since saturation equilibrium is approached from small crater diameters. It has been suggested that populations of small craters on the normal ejecta deposits of Tycho, which are dominated by self-secondaries have achieved the equilibrium state at D < ~15 m in diameter, but crater populations on the melt pools of Tycho have not been in equilibrium at D ≥ 5 m (Shoemaker et al. 1969; Xiao 2016) . Likewise, crater populations on the impact melt pools of the King crater is in equilibrium at D ≤ 40-50 m (Ashley et al. 2012) , those on surfaces ~ 220 Myr old are in equilibrium at D ≤ 20 m , and those on melt pools of the Copernicus crater are in equilibrium at D ≤ ~100 m (Xiao and Werner 2015) . Therefore, both the gradual accumulation of younger crater populations and crater degradation should be considered when studying the evolution of crater populations on continuous ejecta deposits.
Possible contribution of background secondaries as constrained by self-secondaries
The possible dominance of background secondaries in populations of small craters has been a persistent difficulty and debate. On continuous ejecta deposits of impact craters, self-secondaries, primaries and potential background secondaries are theoretically coexisted. Within the diameter range of self-secondaries, the production SFD of primaries on continuous ejecta deposits can be roughly constrained based on their samples ages and the impact flux estimated from newly formed craters (e.g., Daubar et al. 2013; Speyerer et al. 2016) . If the production SFD of self-secondaries at different azimuths and radial distances of the parent crater rim could be represented by a representative production SFD, or it is more or less stable as revealed by the Hokusai and Giordano Bruno (Xiao and Strom 2012) cases, the possible SFD of background secondaries can be determined by subtracting the SFD of primaries and self-secondaries from that of the observed crater population.
Conclusion
Self-secondaries are secondary craters that are formed on both the continuous ejecta deposits and interior of the parent crater. After the first proposal in 1968, this crater population has not been studied in detail until global high-resolutions images recently obtained for the Moon are available. So far, self-secondaries have been confirmed on various-sized Copernican-aged craters on the Moon, and their common existence has also been confirmed on Mercury, Mars and some icy satellites. Near vertically launched ejecta by spallation are the source of self-secondaries, and self-secondaries are an inherent by product of impact cratering that form complex craters on planetary bodies. A direct manifestation of self-secondaries is the different crater density across continuous ejecta deposits, as melt pools have much lower crater density than ejecta deposits that have not been modified by melt flows. While target property difference must have affected the size-frequency distribution of small impact craters, this effect is not the major reason for the observed crater density differences. Self-secondaries have significantly affected the age-determination technique using crater statistics, especially for recently formed impact crater, because self-secondaries have caused larger densities on continuous ejecta deposits compared to the actual density of primary craters. This effect brings uncertainties to the widely used crater chronology. The spatial and size-frequency distributions of self-secondaries at different ejecta facies of different-sized craters have not been systematically investigated, which are critical questions to be resolved to fully unlock the significance of self-secondaries.
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